Tendons and ligaments are unique forms of connective tissue that are considered an integral part of the musculoskeletal system. The ultimate function of tendon is to connect muscles to bones and to conduct the forces generated by muscle contraction into movements of the joints, whereas ligaments connect bone to bone and provide joint stabilization. Unfortunately, the almost acellular and collagen I-rich structure of tendons and ligaments makes them very poorly regenerating tissues. Injured tendons and ligaments are considered a major clinical challenge in orthopedic and sports medicine. This Review discusses the several factors that might serve as molecular targets that upon activation can enhance or lead to tendon neoformation.
Introduction
Tendons and ligaments are bundles of parallel fibers made of dense connective tissue that play an important role in mediating normal movement and stability of joints, respectively (1, 2) ( Figure 1 ). Tendons and ligaments are similar in structure and are usually discussed in the same context. Therefore, the term tendon neoformation in this Review relates to the regeneration of both tendons and ligaments. Injury to these structures can cause significant joint instability, resulting in injury to other tissues and the development of degenerative joint diseases. Tendon healing starts with hematoma formation, followed by the formation of granulation tissue (3) . Bone morphogenetic proteins (BMPs) and growth and differentiation factors (GDFs) are the main players in the latter process, which is followed by collagen fiber deposition and organization. Basic fibroblast growth factor (bFGF) seems to play a role during cell proliferation and invasion of vascular tissues into the healing tendon (4) . Mechanical stimulation seems to be of great significance in tendon healing, contributing to mechanical strength in the regenerating tissue. However, most studies evaluating the role of mechanical stimulation during the healing process relate to animal studies, and the significance of mechanical stimulation in humans is still unclear (3) .
In general, tendon injury occurs due to acute trauma or inflammation of either the tendon tissue or the surrounding tissues. This includes a range of conditions including tendonitis (inflammation of the tendon), tendinosis (tendon degeneration due to failure of the healing of injured tendon), bursitis (inflammation or irritation of the bursa, a small sac located between bone and tendon), epicondylitis (inflammation or damage to the area of an epicondyle of bone that may damage adjacent tendons), and complete tendon rupture, depending on the extent of the tissue damage (5, 6) . The most common of these injuries are to the supraspinatus tendon of the rotator cuff, the Achilles tendon, the flexor tendons of the hand, and the anterior cruciate and medial collateral ligaments of the knee (7). Four options have been utilized for repair or replacement of damaged tendons: autografts, allografts, xenografts, and synthetic polymers. Implantation of synthetic polymers was a very popular surgical technique in the 1980s, but it frequently led to implant degeneration and failure (8, 9) . Autografts (patellar tendon with bony attachments or two of four hamstring tendons harvested from the patient at the time of surgery) have produced the most satisfactory long-term results and are referred to as the "gold standard" for treating severe tendon injuries (10, 11) . Donor site morbidity, which is often associated with pain, muscle atrophy, and tendonitis, remains the limiting factor for patellar tendon autografts and results in prolonged rehabilitation periods (12) . The use of allografts is still at an experimental stage and might cause immune reactions (13) (14) (15) that could hinder tendon tissue remodeling (16, 17) . The risks of disease transmission and infection, the lack of donors, and donorrecipient compatibility are additional significant obstacles to the use of allografts to repair and/or replace damaged tendons. The use of xenografts is still experimental as well, and the potential of this source is still questionable (18) . In light of the disadvantages of current surgical solutions for tendon repair, the use of novel biological methods should be investigated. The focus of this Review is molecules that, through their activation or manipulation, might be targets for tendon neoformation.
Tendon morphogenesis and molecular markers of tendon development
The unique embryonic development of tendons is highly associated with muscle development in a sequential series of events (19) (20) (21) . These events are initiated by formation of the somites, which are epithelial spheres on each side of the neural tube (19) (20) (21) . The somites are later patterned into compartments that give rise to distinct cell lineages (19) (20) (21) . The formation of muscles and the muscle fasciae during limb development is specified by several signaling events that involve sonic hedgehog (Shh), Wnt signaling, and other factors, such as myogenic differentiation 1 (MyoD) and paired box 3 (Pax3) (19) .
In contrast to muscle, tendon morphogenesis is less understood. From most studies of limb tendon development, it seems that tendons first arise from the lateral plate mesoderm as tendon primordia, which subsequently divide into individual and distinct tendons (22, 23) . The continued development of limb tendons seems to be more complicated, as the morphogenesis of proximal limb tendons is significantly different from the morphogenesis of distal tendons, and each type of tendon expresses different molecular markers during morphogenesis (20) . Tenascin is a protein that can be detected in all tendon blastema (masses of undifferenti-ated cells) and proximal tendons, as well as tendon primordia and all differentiated tendons (20, 24) . However, tenascin seems not to be a specific marker of tendons, since it is expressed by other cell types, including glial cells and chondrocytes (20, 24) . A more specific marker of tendon development is scleraxis (Scx), a basic helix-loop-helix (bHLH) transcription factor that is expressed in mature tendons and ligaments of the limbs and trunk, as well as in their progenitors (25) . The gene encoding Scx is expressed in all connective tissues that mediate attachment of muscle to bone in chick and mouse as well as in the progenitors of these connective tissues found in the early mesenchyme (25) . Scx gene expression is induced in superficial mesenchyme-derived tendon progenitors by the adjacent ectoderm (25) . Its expression is restricted to these cells by BMPs, which inhibit Scx gene expression, and this inhibition is antagonized by Noggin (25) . In addition to Scx, the homeobox gene sine oculis-related homeobox 1 homolog (Six1) has been proposed as a potential "player" in the development of tendons (26) . Six1 and Six2 are expressed in a complementary fashion during the development of mouse limb tendons, Six1 being expressed in dorsal extensor tendons and Six2 in the ventral flexor tendons of the digits (27, 28) . These studies initially suggested that Six1 might be involved in the early development of tendons; however, Bonnin et al. (26) reported that, during limb development in mouse and chick, expression of the Six1 gene is distinct from tendon primordia and from tendons defined by Scx expression. In addition, analysis of Pax3 -/-mice (mice in which tendons develop but not muscles) at E12.5 indicated that the nonmyogenic domains (the sites at which muscles should develop) in these mice displayed similar expression of both Six1 and Scx as the sites of limb development in WT mice at E12.5 (26) . Later, at E13.5, the expression of Scx in Pax3 -/-mice was downregulated, whereas Six1 expression remained similar to that in normal mice (26) . One potential explanation for these data is that tendon development (represented by the expression of Scx) requires the normal development of the muscles. Finally, the authors (26) found that expression of Scx was not affected in Six1 -/-mutant limbs; however, tendon development was still
Figure 1
Tendon structure and composition. The structure of tendons is organized such that they provide resistance against the longitudinal stress generated by muscles. Chains of tropocollagen are longitudinally arranged and united into fibers that together form fibrils. Fibrils are organized and held in a linear direction by loose connective tissue called the endotenon such that they form fascicles. Fascicles are also packed by a loose connective tissue continuous with the endotenon that is called epitenon. The epitenon holds the structure of the tendon and provides its microvasculature. Reproduced from ref. 49. impaired due to the diminution of muscle tissue in these mice. Therefore, it now seems that the initial stages of tendon development are independent of Six1; however, lack of Six1 expression still affects the continuation of tendon development due to the lack of normal muscle development in its absence (26) . Other markers of tendon development, such as tenomodulin (TeM), have also been described (29) . Expression of the gene encoding TeM was found in association with the appearance of tenocytes (also called tendon fibroblasts), derived from tendon primordia, during chick development and is upregulated by retrovirus-mediated Scx expression in cultured tenocytes (29) . These data suggest that TeM as a late marker of tendon morphogenesis and that expression of the gene encoding TeM is positively regulated by Scx in tenocytes.
It is important to note that there is still no evidence that the molecular markers of tendon morphogenesis are able to induce tendon neoformation upon their activation. However, we believe that a basic understanding of the molecules associated with tendon development is required to achieve neoformation of this tissue.
The molecular basis of tendon neoformation
Although none of the markers of tendon morphogenesis have been shown to be potential targets for tendon neoformation, there is some evidence that the activation of specific factors can elicit tendon neoformation. The most well documented of these factors are GDFs and Scx, and the potential of these factors to affect tendon neoformation when activated is discussed here.
GDFs. GDFs are a subgroup of the TGF-β/BMP superfamily (30) . Like all members of this superfamily, they are secreted as mature peptides forming homo- or heterodimers (30) . Initial studies suggested that murine GDF5, GDF6, and GDF7 play a role in osteogenesis via the process of endochondral ossification, i.e., bone formation that starts with mesenchymal cell condensations that form a cartilage matrix that later calcifies to form mature bone (31, 32) . Storm and Kingsley (33) were the first to identify Gdf5 as a joint-related marker in various locations in murine embryogenesis. These authors also examined the response of developing chick and mouse limbs to recombinant GDF5 and revealed that GDF5 was necessary and sufficient for both cartilage development and the restriction of joint formation to the appropriate location (33) . Evidence of a role for GDF5 in tendon formation was provided by the investigation of GDF5-deficient mice; these mice displayed tendon abnormalities such as thinner patellar tendon, mainly due to altered collagen structure (34) . Moreover, a developmental failure of the condyles (the ends of two bones that form the joint) and intra-articular ligament of the knee joint in GDF5-deficient mice was recently described (35) . Interestingly, excessive death through apoptosis of mesenchymal cells was observed in the GDF5-deficient mouse in the area where the knee joint would develop (35) . Together, these studies suggest a role for GDF5 in joint development; however, they provided little evidence of a role for GDF5 in tendon morphogenesis.
In addition to the effects of GDFs on skeletal morphogenesis in general and tendon formation in particular, GDFs were studied in adult animal models of tendon neoformation. Wolfman and colleagues (36) have shown that expression of human GDF5, GDF6, and GDF7 at ectopic sites in the adult animal demonstrate novel possible roles for these factors. GDFs showed the ability to induce ectopic formation of connective tissue rich in collagen I in a fashion that resembles neoformation of tendon and ligament (36) . In addition, intramuscular or subcutaneous coimplantation of GFD5, GDF6, or GDF7 with BMP-2 resulted in the formation of tissue containing both bone and tendon, suggesting that GDFs exert a tenogenic effect even in the presence of BMP-2 and under osteogenic conditions (36) . This report and others (37) provide significant evidence that GDFs have an effect on the regeneration or neoformation of tendon in the adult, as well as in tendon morphogenesis in the developing animal. Delivery of recombinant human GDF5 (rhGDF5) via sutures to the site of injured rat tendons resulted in enhanced healing and significantly higher ultimate tensile load and stiffness compared with control sutures containing no rhGDF5 (37) .
To achieve effective healing and repair of injured tissue through exogenous intervention, such as delivery of growth factors (e.g., delivery of GDFs to torn tendon), it is crucial to understand the sequence of events that occur during the natural healing of this tissue. When tendon is injured, a hematoma is formed at the site of the injury, providing a matrix for the invading mesenchymal cells that later play an important role in the repair of the ruptured tendon (3). Injection of GDFs at the hematoma formation phase was suggested as a promising therapeutic approach for injured tendon healing (38) . Delivery of a GDF5 transgene by means of adenoviral vectors to the site of ruptured rat Achilles tendon resulted in thicker, stronger tendon regenerates compared with those in the control group (after 8 weeks; ref. 39) . It is important to note, though, that more cartilage was found in the treated tendons, a fact that might indicate possible complications in the healing process, as the resulting tendon might have impaired mechanical strength (39) .
It seems that the aforementioned GDFs, especially GDF5, are good candidates for inducing tendon neoformation as well as enhancing tendon regeneration. However, the tendency of GDFs to induce cartilage and bone formation in vivo (40, 41) could hamper the use of those factors for tendon regeneration. Since the effects of GDFs were found to be dose dependent in a rat model - 300 μg of rhGDF5 induced cartilage and bone formation, whereas 500 μg induced only bone formation (41) - it is possible that fine-tuning of the factor amount will be sufficient to solve this problem and achieve controlled healing of tendon tissue.
Scx. In addition to GDFs, intensive research has been invested in finding a molecular marker of tendon neoformation. Scx is the best-characterized marker of tendon morphogenesis, and there is increasing evidence that it might be a molecular marker of tendon neoformation.
Scx is a bHLH transcription factor (42) that can bind to DNA sequences containing the E-box consensus sequence through its bHLH motif (43) . During mouse embryogenesis, Scx transcripts are strongly detected in both the zone of the limb bud tendon progenitors (25) and the somitic compartment of tendon progenitors called the syndetome (21) .
Sequence analysis of Scx revealed that all of the conserved amino acids that define the bHLH family are present (44) . However, other residues in the basic regions were different from other bHLH transcription factors, suggesting that Scx binds a specific set of E-boxes (44) . Despite the fact that high levels of Scx transcripts were found in progenitors of tendons as well as other structures (e.g., cartilage and bone) that require secretion of high levels of extracellular matrix proteins such as collagen I and II (44) , the role of Scx seems to be specifically restricted to the function of tendon progenitors (21) . In both thoracic (chest) and cervical (neck) somites, Scx is localized to the anterior and posterior borders and does not overlap with MyoD at the center of the myotome. Thus, Scx is expressed in an anatomical location similar to, but nonoverlapping with, that of MyoD, which determines muscle morphogenesis. This suggests that Scx functions in tendon development in close association with muscle development but that its function does not overlap with that of MyoD (21) . This is important because of the necessity of choosing molecular targets for tendon neoformation that will not cause muscle neoformation.
Although several reports have demonstrated a role for Scx in tendon morphogenesis, there is still no evidence that Scx activation can induce tendon neoformation. Scx binds to the E-box consensus sequence as a heterodimer with E12 (a member of the family of E-proteins that heterodimerize with bHLH proteins and bind DNA to regulate gene expression). In addition, Scx alone is a potent transactivator of gene expression through its multimerized DNA-binding site (44) . Léjard et al. (45) reported that Scx regulates the expression of the gene encoding collagen, type 1, α1 (COL1a1) in tendon fibroblasts through two short elements named TSE1 and TSE2, which are needed for mouse Col1a1 expression in tendon fibroblasts (45) .
The role(s) of Scx in embryogenesis could not be addressed for many years because homozygous knockout mice died during early embryogenesis (46) . More recently, mutant mice homozygous for a null Scx allele (Scx -/-mice) have been found to be viable and display severely disrupted tendon differentiation and formation. The severity of this disruption was highly variable (47); some tendons, such as the force-transmitting and intermuscular tendons, were severely affected, whereas muscle-anchoring tendons and ligaments were totally unaffected. The study also showed that in Scx -/-mice, the processes of tendon progenitor condensation and differentiation were affected (47) . In tendons that persisted in Scx -/-mice, tendon matrix was reduced and disorganized, and the cellular organization of the tendons was disrupted (47) . These findings support the study by Léjard et al. (45) and suggest that Scx activates the expression of target genes involved in tendon development (45); however, the identity and function of these are still unknown.
In summary, we might conclude that the bHLH transcription factor Scx is an important marker of tendon neoformation. In addition, its involvement in tendon neoformation suggests that, if activated, Scx might be able to induce tendon regeneration. Molecular studies using animal models of tendon tissue repair and targeted expression of Scx should shed some light on the clinical potential of this factor.
The role of cell lines in tendon neoformation
Our group and collaborators have recently engineered the murine mesenchymal stem cell line C3H10T1/2 to coexpress BMP-2 and a biologically active truncated form of the Smad8 protein and used it to generate tendon neoformation (48, 49) . The Smad proteins are a group of eight related intracellular proteins critical for transmitting signals from the cell-surface receptors of TGF-β/ BMP superfamily members to the nucleus. Although Smad1 and Smad5 are well studied and have an important role in osteogenic differentiation (50) , the exact role of Smad8 in osteogenesis was not described before. Although expression of BMP-2 in C3H10T1/2 cells induces osteogenesis, we observed that coexpression of the biologically active truncated Smad8 and BMP-2 induced tendon neoformation and blocked the differentiation of cartilage and bone tissues (48, 49) . These results were noted both in vitro and in vivo. Indeed, the remarkable ability of the cells engineered to express both BMP-2 and the biologically active truncated Smad8 to fill the gap in a rat Achilles tenotomy model with tendon-like tissue makes the combination of stem cell and gene therapy highly attractive (48, 49) .
Recently, two important studies have identified novel cell populations as candidates for neotendon formation (51, 52) . Yokoi et al. (51) immortalized mouse dental follicle cells by engineering them to express a mutant form of the human papillomavirus type 16 (HPV16) E6 protein that lacked the PDZ domain-binding motif, resulting in a longer life span of these cells. When analyzed, these cells expressed tendon/ligament phenotype-related genes such as those encoding Scx, GDF5, EPH receptor A4 (EphA4), Six-1, and type I collagen. When implanted in vivo, these cells generated periodontal ligament-like tissue after four weeks (51) . These results suggest that the aforementioned cell line might be useful in neotendon formation and in healing of tendon defects.
Bi et al. (52) have recently identified tendon stem/progenitor cells (TSPCs). These cells were demonstrated to be self-regenerat-
Figure 2
A proposed integrative approach toward achieving successful tendon neoformation. To achieve successful tendon neoformation or regeneration, three main approaches have been described in the literature. Through activation of some transcription factors and signaling molecules (for example, Scx, Six1, and Smad8) that are involved in tendon/ ligament morphogenesis, tendon neoformation might be successful. Growth factors such as GDFs have also been described as inducers or enhancers for tendon regeneration. Cells provide the progenitors or stem cells that respond to signals such as growth factors and, through activation of signaling molecules and transcription factors, differentiate into tendon/ligament. We propose that combining these three approaches is necessary to successfully achieve tendon neoformation.
ing and had the capability of tenogenic differentiation. To test the feasibility of these cells as initiators of tendon neoformation, the researchers implanted GFP-expressing mouse TSPCs under the skin of mice together with different carriers to serve as a scaffold for the forming tissue. Tendon-like tissues were generated from the GFP-expressing TSPCs when implanted with Gelfoam, hydroxyapaptite/tricalcium phosphate (HA/TCP), or Matrigel as a carrier. The regenerated tendon-like tissues showed tendon-specific parallel alignments of collagen fibers and stained strongly for type I collagen, and the donor origin of the cells within the newly formed tendons was confirmed by their expression of GFP. Remarkably, when mouse TSPCs were treated with BMP-2 and then transplanted subcutaneously into immunocompromised mice, structures similar to osteotendinous junctions (termed entheses) were formed. More notably, when transplanted with HA/TCP onto the surface of mouse cranial bone, human TSPCs formed condensed collagen fibers that were inserted into the bone and were similar to Sharpey fibers (52) . These striking results could pave the way for tendon neoformation and regeneration using progenitor cells. The ability to generate bone-ligament interface is specifically of great importance, as it can be useful in healing torn tendons and ligaments that require reattachment to bone.
Putting together the molecular puzzle to complete the clinical picture Tendon neoformation in the adult is of importance due to the fact that this process is critical for achieving complete and efficient healing of ruptured tendons. However, complete tendon healing requires the sequential and coordinated expression of several molecules and growth factors, each responsible for specific and distinct process. In addition, the presence of cells that would support the formation of new tissue is of great significance (Figure 2) .
The most promising candidate molecules that upon activation might lead to tendon neoformation have been briefly reviewed here. There might be several ways of activating these molecules for tendon regeneration in the clinic. When envisioning the use of GDFs for treating tendon defects, the use of recombinant proteins seems most relevant. Judging by the successful use of BMP-2 and BMP-7 in orthopedics for bone regeneration (53) (54) (55) , it might be possible that recombinant GDFs could be approved for clinical use in the treatment of ruptured tendons with relative ease. It is important to note, though, that the use of megadoses of expensive recombinant proteins might limit this potential use. Scx and Smad8, both intracellular proteins, could be used via a gene therapy-based approach, since extracellular application of the proteins would not generate an effect in situ. Such approaches could include direct gene therapy (most probably using nonviral vectors) or even cell-based gene therapy (using genetically engineered autologous cells as gene carriers as well as building blocks for the regeneration process). Molecules that selectively activate Scx or its target genes also might be beneficial. However, extensive studies are needed to promote those solutions to the clinical arena, especially the characterization of an optimal factor that can induce tendon neoformation in various models of tendon injury.
